Crisis subjects exhibited a significantly depressed PORH with the ratio of peak red cell velocity to resting values reduced by 15% due to a loss of vasodilatory reserve, whereas crisis-free subjects exhibited a normal response. A 55% increase in the time to attain peak Vrbc was attributed to resistance increases, possibly resulting from red cell and leukocyte-to-endothelium adhesion during the induced ischemia.
Introduction
It is widely acknowledged that the principal expression of sickle cell disease is a derangement of microvascular function manifested by the sequestration and entrapment of abnormal erythrocytes, culminating in a painful crisis (1) . To facilitate an understanding of this disease process, considerable attention has been given to the physical (Theological) properties of red blood cells (rbc's)' containing homozygous SS hemoglobin (HbSS) and related variants (e.g., HbAS and HbSC) to establish the basis for rbc sequestration and entrapment in the microvasculature. As a result, it has been established that as HbSS rbc's are deoxygenated there is a continuous and severe decrease in rbc deformability attendant to HbS gelation which leads to a dramatic rise 1 . Abbreviations used in this paper: AV, arteriovenous; HbAA, normal hemoglobin; HbSS, homozygous SS hemoglobin; IPM, Instrumentation for Physiology and Medicine; PORH, postocclusive reactive hyperemia; Qua, bulk flow; rbc, red blood cell; At, transit time; Td, skin temperature; V., control red cell velocity; Vpk, peak velocity; Vw, rbc velocity; WBC, white blood cell.
in blood viscosity and serves to degrade capillary blood flow by increasing microvascular resistance (2) (3) (4) (5) (6) . Furthermore, it has been determined that the circulating population of HbSS rbc's are heterogeneous in their physical properties (7) , with the densest cells possessing the least deformability (8) , and that the onset of rbc sequestration and hence crisis may be the result of unfavorable shifts in the proportion of deformable to relatively rigid rbc's. In addition, the membrane characteristics of these cells have been implicated as a causative factor in the sequestration process, either by increased rigidity (9, 10) or by the potential for rbc-endothelial adhesion which may obstruct the capillary lumen and increase the resistance to blood flow (1 1, 12) .
To interpret the effect of erythrocyte mechanical properties on the functional behavior of the microvasculature, several studies have aimed to examine the perfusion of animal tissues with HbSS rbc's to delineate the relationship between blood Theological properties, tissue oxygen tensions, and microvascular perfusion. For example, perfusion of the cremaster muscle (13, 14) , mesentery (15) , or mesoappendix (16) (17) (18) , while viewing these tissues through the microscope, has demonstrated the salient features of vaso-occlusion and red cell entrapment, as well as dramatic increases in resistance to flow within individual microvessels or in regional circulations during tissue deoxygenation. As fruitful as these experiments with "biological viscometers" (17) have been, their difficulties have generally precluded an assessment of the control and regulation of the microvasculature in the face ofthis blood Theological insult, particularly as it may pertain to the human subject.
To fill this void, we have herein conducted studies of microvascular hemodynamics in the skin capillaries of human subjects with the aim of elucidating the mechanics of microvascular perfusion in the resting state as well as departures therefrom, as for example in the case of an induced period of tissue ischemia. To this end, the well-established techniques (19) (20) (21) (22) (23) ofcapillary microscopy ofthe skin at the base ofthe finger nailthe nailfold-have been applied to the direct in situ measurement of red cell velocity within individual capillaries.
Methods
Intravital microscopy. The techniques of nailfold microscopy have been described in the literature for numerous applications (21) (22) (23) . Hence, the measurement procedures employed herein are only briefly summarized to highlight their application to the sickle cell disease subject and departures from other studies. Presented in Fig. 1 is a schematic diagram of the measurement procedure, consisting of the following steps.
The subject's finger was gently supported on the x-y stage of a metallurgical microscope (model BHMJ, Olympus Corporation of America, Figure 1 . Schema of red cell velocity measurement in nailfold capillaries. The nailfold network was viewed under brightfield incident illumination and video recordings were made of blood flow in individual capillary loops. Playback of the recordings through a video densitometer facilitated velocity measurement by cross-correlation of the fluctuations in light intensity for upstream and downstream axial regions of the microvessel delimited by the video cursors.
band ofwavelengths served to enhance video contrast due to the relative maxima in the hemoglobin absorption spectrum at 520-560 nm. The incident light was reflected by a half-mirror to the objective, and the reflected image passed by this mirror to the eyepieces. Infinity-corrected objectives of 5X/.13NA and lOX/.30NA were used in conjunction with a projection eyepiece (79-mm focal length) on top of the trinoccular microscope head. The image was projected to the face of a low-light level TV camera (extended range Newvicon tube, Panasonic Co., Secaucus, NJ) by means of a 300-mm focal length transfer lens (not shown), to provide a field of view of either 300 or 600 lAm wide on the TV monitor. Video recordings were made on a half-inch cassette recorder for subsequent analysis. The microscope and video equipment were mounted on a portable cart to obtain recordings in either a clinic setting or at the subject's bedside in the hospital during crisis.
The measurement of red cell velocity was performed in individual capillary loops using the video "dual window" technique (23) . This consisted of playing back the video tape through a video densitometer (24) (model 204, Instrumentation for Physiology and Medicine, (IPM), San Diego, CA) which electronically inserted two video cursors into the video scene viewed on the TV monitor, as shown in Fig. 1 . During the measurements, the densitometer provided analog signals linearly proportional to the light intensity of the area delimited by each video cursor. The video cursors were placed along the length of a capillary, one at an upstream and one at a downstream position, with the cursors separated by a known distance (a). The temporal variations in light intensity measured by the densitometer were then subjected to real time cross-correlation to determine the transit time (At) ofphotometric events from one cursor to another, using a self-tracking analog correlator (25) , IPM model 102. Inherent to the design of the correlator was the capability to compute red cell velocity from the ratio of b/At to within an accuracy of 5% and a frequency response in velocity flat to 5 Hz.
Capillary luminal diameter was measured as the width ofthe column of flowing red cells, using the video image shearing technique (26), IPM model 303. This device also provided measurements ofthe cursor spacing for computation of the red cell velocity.
Subjects. 30 subjects were chosen at random from a cohort ofpatients being treated under the aegis ofthe Columbia Presbyterian Medical Center, Comprehensive Sickle Center, New York, and all were diagnosed as HbSS by hemoglobin electrophoresis. The criteria for accepting a subject in the study were: (a) The deployment ofthe nailfold network capillaries must be such that at least three to five capillary loops could be visualized in a given field with sufficient optical clarity to measure red cell velocity.
To meet this requirement, capillaries must lie in a plane parallel to the surface of the skin and the loops must be at least 50 Mm in length. (b) Subjects were free of any dermatological problems or inflammatory processes. (c) Subjects must be able to sit comfortably in a chair for a period of at least 30 min without excessive trembling or twitching of the arms or digits. Of 30 subjects screened, 25 met these criteria, the remaining five being rejected primarily due to inordinately short loops. Skin pigmentation was not a severe problem, with < 1% of all subjects being rejected because of excessive pigmentation. These rejection frequencies were about the same for both Caucasian and Black subjects.
Protocols. The subjects were comfortably seated either in a chair or in bed with the observed hand at heart level. The forearm and hand (dorsal side up) were rested upon a foam pad and the finger supported on a pedestal, elevated 4 cm above palm level. The tip ofthe finger distal to the nailfold was gently immobilized by a clamp fixed to the pedestal, which was tightened sufficiently to minimize finger movement without affecting nailfold blood flow. A pressure cuff (1 cm wide) was placed around the proximal phalange and connected to a mercury manometer. A thermistor probe was taped to the skin within 1 cm proximal to the nailfold and a few drops ofimmersion oil were spread over the observation site. Low-power (5X objective) surveys were made to assess capillary density and the occurrence of vascular stasis. A region of the network was then chosen on the basis of having at least three to five capillaries for simultaneous measurement of rbc velocity (VJ) with either 5X or lOX objectives, depending on optical clarity and length of the capillary loops. A 2-3-min period of recording was made to obtain resting values of Vft, after which the pressure cuffwas inflated above systolic pressure.
After a 1-min period of occlusion, the cuffwas released and the postocclusive reactive hyperemia recorded for a period of 3 min.
Results
Subject characteristics. Of the 25 HbSS subjects accepted, ages ranged from 19 to 47 yr; 13 were female and 12 male. Frequency ofpainful crisis ranged from monthly to yearly. Twenty ofthese subjects were observed under crisis-free conditions during two to five periodic visits to the clinic, and ten were examined at their bedsides during hospitalization. Only one of these 10 subjects was studied on multiple admissions (three), which were treated statistically as separate crises because each admission was at least 6 mo apart and skin temperature was considerably 118 H. H. Lipowsky, N. U. Sheikh, and D. M. Katz Values are means±SD. * Statistically significant difference between crisis-free and crisis subjects, P < 0.02, Student's t test. WBC, total white blood cell count; RBC, total red blood cell count; HGB, total hemoglobin concentration; HCT, systemic hematocrit; MCV, mean red cell volume; MCHC, mean corpuscular hemoglobin concentration of rbc's; RETC, reticulocyte count.
different during each admission, thus bringing the total number of crisis episodes to 12. The presence of a crisis was defined on the basis of the patient's evaluation of the extent and severity of pain and the need for analgesics. All had painful crises of limbs, and in addition one had shoulder pains, two had back pains, and one had both back and chest pains. All crisis subjects appeared free of systemic infection, as indicated by a lack of fever, vomiting, and diarrhea, although one subject clearly had infected leg ulcerations. Crisis subjects were observed at bedside within 48 h of admission and were being treated by hydration therapy and analgesics (Demerol, 50-125 mg, i.m., every 2-4 h, except for one subject given Dilaudid, 6-10 mg, i.m., every 2-4 h).
All HbSS subjects had normal blood pressures with average systolic/diastolic values of 114.5±12.3 SD/72.0±7.8 SD nmmHg for the crisis-free subjects, and 118.0±18.2 SD/66.2±18.2 SD mmHg for those in crisis. Principal hematological characteristics of the patients are given in Table I . As shown therein, no significant differences between crisis and crisis-free subjects were evident for red blood cell count, total hemoglobin concentration, systemic hematocrit, mean red cell volume, mean corpuscular hemoglobin concentration, and reticulocyte fraction. There was, however, a significantly elevated white cell count (WBC) (P < 0.02) for the crisis subjects, which amounted to a 45% increase above that of the crisis-free subjects.
To provide a frame of reference for the hemodynamic measurements, 14 normal (HbAA) subjects were drawn from the laboratory staff and ranged in age from 19 to 50 yr, four being black and four female. In view oftheir presumably healthy state and close agreement of nailbed hemodynamics with data published previously for normal HbAA subjects, no hematological data were systemically obtained for the bulk of these subjects.
However, for nine of these subjects, some hematological data were available which revealed their average hematocrit to be 42.7±3.4 SD %. Systolic/diastolic blood pressures of the 14 HbAA subjects averaged 120±1 1.1 SD/75.7±6.7 SD mmHg.
Nailfold network topography and capillary stasis. The topographical pattern of capillaries in the nailfold network was not significantly different between HbAA and HbSS subjects. Observations on the number of capillaries comprising the terminal row of vessels along the distal margin ofthe fold revealed a lineal density of 11.8±3.0 SD capillary loops per mm in the HbSS subjects compared with 12.2±2.7 SD for HbAA subjects with an overall range of 5-18 loops/mm. Further, the overall pattern of capillaries remained unchanged in all subjects with repeated observations over a period of 12-24 mo. Specific group~s and individual capillaries could readily be identified for longterm observations of the same network site. Capillary luminal diameters were consistent with prior reports ofthe network (20) and ranged from 5 to 20 Iem, depending on overall size and the well-known taper of these capillaries between arteriolar and venular limbs of the nailfold loops. The majority of measurements made herein were on the venous limb ofthese capillaries (taken midway between the video cursors used to measure Vr) and their averages are tabulated in Table II for all subjects studied. No significant differences in capillary diameter between these three groups were found.
The occurrence of microvascular stasis in the sickle cell sub- jects was readily identifiable and took the form of a clump of red cells sequestered within a region of a capillary spanning from its entrance to mid or full capillary length. Two types of stasis were generally encountered, one irreversible and the other reversible. Irreversible stasis was clearly the result of rbc sequestration over 50-100% of the capillary length and remained in effect for a period ofweeks or months. Reversible stasis occurred over a time period of several seconds to minutes and generally appeared in subjects with a higher than normal degree of intermittence. This behavior was observed as a result of both rbc ehtrapment at the capillary entrance as well as in the midsection as possibly arising from rbc-endothelium adhesion.
Entrance obstructions, typical of reversible stasis, were found to be easily dislodged during the postocclusive reactive hyperemia (PORH) maneuver. During the 1-min occlusion phase of the PORH test, capillary blood flow usually persisted for 10-20 s after inflation of the pressure cuff, which compressed the digital arteries. After this phase, the occurrence of a retrograde flow of rbc's was often observed due to arteriolar dilation at 20-40 s after the occlusion and the resultant fluid shift from venous to arterial compartments. This retrograde flow could be observed to dislodge cells in reversibly stased capillaries and to cause their contents to be flushed into the feeding arterioles. Upon release of the occlusion cuff, flow in these stased capillaries resumed to levels comparable with those in parallel capillaries supplied by the same arteriole. As many as five capillaries were often fed by the same arteriole.
Midcapillary sequestration of rbc's was observed both with and without capillary flow cessation. In the latter case, it was clearly evident that rbc entrapment resulted from either red cells being caught in irregularities ofthe capillary lumen (steric effects) or rbc-endothelium adhesion. Flow in these capillaries did not 2-0-cease entirely and other red cells could negotiate the remaining lumen at the obstruction site. A detailed examination ofthe rbcendothelium interface was precluded by the limited resolution ofthe optics. However, the inability ofthe retrograde flow during the occlusion phase of the PORH exercise to wash away the offending rbc was suggestive ofadhesion to the endothelium. As flow resumed, the trapped rbc was swept away in the presence of higher fluid shear stresses. Quantitative estimates of the frequency of capillary stasis were obtained by visually scanning the nailfold and counting the fraction of vessels containing nonflowing red cells. For this purpose, capillaries were considered stased iftheir contents were immobile for the entire period of the observation, usually 30 s. In 14 HbAA subjects, only 1.0±3.0 SD % of 554 capillaries were stased, compared with 8.2±13.7 SD % of 1,465 capillaries in 20 crisis-free HbSS subjects; the difference being significant at only P < 0.07 (t test). Observations in 10 HbSS subjects during crisis revealed that 5.8±5.9 SD % of 553 capillaries were stased; with no statistically significant difference from the HbAA and crisis-free groups. The lack of a significant change in the frequency ofstasis during crisis may be attributed to compensatory hemodynamic mechanisms. For example, four crisis subjects had no signs of stasis, possibly due to elevated red cell velocities (and hence shearing forces) which tended to compensate for the rheological insult, as discussed in the following sections. The remaining six crisis subjects presented a frequency of stasis amounting to 8.2±5.6 SD % of the capillaries observed.
Representative hemodynamic measurements. In concert with the increased degree of stasis in HbSS subjects compared with HbAA subjects, a greater degree ofblood flow intermittence was clearly recognizable in all SS subjects and could be quantitated by the measurement of (Vc). Presented in Fig. 2 Average resting velocity and reactive hyperemia. Statistics of the resting (control) red cell velocities (Vc.) averaged over a 1-min period before the PORH maneuver are given in Table II for all subjects in the three groups studied. The HbAA and HbSS crisis-free subjects are in close agreement (0.7 mm/s), whereas the crisis subjects had a significant (P < 0.01, t test) 35% increase in Vcon above the crisis-free subjects. A concomitant increase in the bulk volumetric flow rate, estimated as the product of capillary cross-sectional area (irD2/4) and Vt, showed a significant (P < 0.001) 46% increase during crisis.
To examine the hemodynamic behavior ofnailfold capillaries on a statistical basis, the average hyperemic response was established in terms of the ratio of Vc/Vccontm. This normalization serves to lessen differences arising from disparities in capillary diameter (and hence cross-sectional area) in the computation of blood volumetric flow because diameter remained constant during these transients. Also, because capillary hematocrit may depart from systemic values depending on plasma skimming and the Fahraeus effect (28), such normalization tends to lessen the diameter-dependent variability of red cell volumetric flux from one capillary to another. Presented in Fig. 3 are the means (±SE) for 14 HbAA subjects, 20 HbSS crisis-free subjects, and 10 HbSS subjects observed during the time of crisis. As shown therein, no significant difference between HbAA and crisis-free HbSS subjects is apparent, although the SS subjects exhibit a slight elevation of the hyperemia during the period of 10-50 s after resumption of flow. For the 10 subjects in crisis, the initial rise in VU during the first 5 s is not significantly different from the other two groups of subjects, however the remainder of the response is significantly attenuated compared with crisis-free subjects (P < 0.01) for a period of 50 s after the occlusion release.
Specific features of the hyperemic response are given in Table II , in terms ofthe amplitude ofthe peak velocity (Vpk) normalized with respect to Vcmn and the time to achieve peak velocity (Tpk). As shown, Tpk averaged 39.6 s for the HbAA and 35.9 s for the crisis-free HbSS subjects, as opposed to 55.6±13.9 SD s for the crisis subjects, which was statistically greater in crisis (P < 0.01).
Also tabulated are the statistics for Tws, which illustrate an insignificant difference between these three groups. It has been shown previously that the amplitude of the hyperemic overshoot varies inversely with Tsn (27) . Linear regressions of Vpk/VcOn vs. Tdjn showed no significant correlation within the temperature range encountered.
In view of the quantitative similarities of the hyperemic response between groups, during the initial and latter phases of its time course the functional behavior of the hyperemia was assessed in terms of time to repay the flow debt incurred during the occlusion period. The response of each individual capillary measurement was integrated to evaluate the time (T) required to pay back specific fractions (f) of the flow debt, from the following relationship: Fig. 4 as a function of the percent payback. No significant difference between HbAA and HbSS crisis-free subjects is apparent. However, for payback fractions > 50%, the payback time for the crisis subjects becomes significantly longer, e.g., 84.7 vs. 63.8 s at 50% payback (P < 0.01) (see Table II ), and for larger amounts of debt repayment, much longer times are required. It is interesting to note that not all capillaries exhibited a hyperemia sufficient to pay back progressively greater fractions of the flow debt. Specifically, the fraction of sampled capillaries that repayed 50% of the flow debt is given in Table II as the ratio NSO/N, where N is the total number of capillaries for each class of subjects. The HbSS crisis subjects repayed 50% of the debt in only 39% of their capillaries, whereas the HbAA and HbSS crisis-free subjects repaid this fraction in 47 and 61% of all capillaries studied, respectively. The larger value of N50WN for the crisis-free subjects compared with HbAA subjects may be attributed to the greater hyperemia, as illustrated in Fig. 3 . Heterogeneity ofresting and hyperemic hemodynamic measurements. To examine the well-known heterogeneity of microvascular hemodynamic parameters at the level ofthe nutritional capillaries, we presented the measurements in the form of frequency distributions for the resting hemodynamic parameters (Fig. 5) and those parameters characteristic of the reactive hyperemia (Fig. 6 ). This representation clearly demonstrates that the elevated red cell velocity observed in crisis during resting conditions is achieved by a rightward shift of its frequency distribution (Fig. 5) 6 ), is suggestive of a steady-state vasodilation of the resistance vessels that govern the apportionment offlow to these capillaries.
The fact that Vpak/Vr..trl is depressed in the crisis subjects may reflect this vasodilation in that the vasodilatory reserve is lessened before the hyperemic response and hence the maximum overshoot in flow will be attenuated. The narrower range of V 'im VCn for the crisis subjects, shown in the histograms of Fig. 6 , further supports this hypothesis. The significantly longer times required to pay back the flow debt emphasizes that with increased resting flow, as in crisis, a proportionately greater hyperemic response is required to pay back the flow debt incurred during the ischemia.
The significantly longer time to achieve peak flow during crisis, as illustrated in Fig. 6 , suggests that alterations in resistance derived from viscosity factors play a role in the hyperemic response. We shall return to this point in the Discussion.
Effects ofDemerol and pain. Inasmuch as the majority of crisis subjects were treated with Demerol for relief of pain, the acquired data were examined in light ofa potential dose-response relationship that might contribute to the attenuated reactive hyperemia. Hemodynamic data from 12 crisis subjects (the aforementioned 10 plus two additional subjects) were assembled in three groups of four subjects each, with each group receiving Demerol at doses of 50, 100, and 125 mg, i.m., every 2-4 h, respectively. The hemodynamic data of this group were not significantly different from the crisis group given in Table II . The results ofthis comparison are given in Table III . The significance of a trend in resting and hyperemic data with increasing dosage was assessed by analysis of variance (ANOVA) for each parameter. No significant variation of skin temperature, capillary diameter, or resting volume flow were apparent. A decrease in Vco, was found with an attendant increase in Vpk/VcOI and a decrease in Tpk and Tpbso all ofwhich were statistically significant at the indicated levels. These trends, opposite to the differences between crisis-free and crisis HbSS To establish the generality of this dose-response behavior, we also studied three HbAA subjects (Table III) before (control) and at 30 min after the oral administration of 50 mg Demerol.
The effects ofthis substantially lesser dosage were strikingly similar to those observed in the HbSS crisis subjects. The results given in Table III Table II. t test between the control period and that following the dose of Demerol. A decrease in VLio was observed with an attendant increase in the reactive hyperemia, both ofwhich were significant. As in the case of the HbSS crisis subjects, no significant change in resting Qcon could be attributed to the Demerol. In contrast to the crisis subjects, the HbAA subjects exhibited a drop in skin temperature (possibly due to reduced shunt flow) and an increase in vessel diameter. Although these two latter events are difficult to interpret, velocity data are indicative of a vasoconstriction of resistance vessels with an enhanced vasodilatory reserve, as in the case of the HbSS crisis subjects. With regard to the possibility that pain itself might be responsible for the differences between crisis and crisis-free HbSS subjects, observations ofcapillary hemodynamics during the occurrence ofpain were made. Pain was found to induce a dramatic reduction in resting red cell velocity, in both HbSS subjects during crisis and in HbAA subjects resulting from other causes (e.g., menstrual cramps, lower back pain, and toothache) presumably due to a concomitant sympathetic vasoconstriction. The occurrence ofpain sufficient to affect resting capillary flow in the crisis subjects generally prevented the measurement ofred cell velocity due to the inability to immobilize the subject to acquire the data. It should be noted that all of the crisis subjects studied here were sufficiently medicated to preclude the occurrence of pain that might influence the measurements.
Discussion
We interpret the present data with a dual viewpoint: first, regarding the Theological behavior of the blood cellular elements themselves, in light of the mechanics of vaso-occlusion and sequestration, and second, in view of their intimate relationship to microvascular function, insofar as they affect control and regulation ofthe microcirculation. Within this framework, it is evident that the nailfold network affords an opportunity to examine these relationships in a representative network that possesses its own unique state of equilibrium between blood rheological and network topographical features. It has been shown that rheological factors may depend on rbc deformability, bulk viscosity, hematocrit, and shear rates, to name a few, and that topographical factors may depend on vascular dimensional adjustments elicited by neurogenic, myogenic, or metabolic processes (28). These relationships hinge upon the relative role of individual components ofeach set offlow determinants peculiar to a specific microvascular network. For example, in the absence ofa severe reduction in arterial oxygen tensions in the sickle cell patient, rbc deformability may be the dominant determinant of microvascular resistance in small-diameter capillaries (such as in the heart, where diameter -5 jAm), whereas in networks with mainly larger capillaries (i.e., the nailbed where diameter = 9 Mum) blood cell aggregability and adhesiveness to the endothelium may be the major determinant.
In search of indices of microvascular perfusion, which are descriptive of the onset of crisis, we have observed a higher incidence of flow intermittence and vascular stasis in the sickle cell patient. Although flow intermittence increased noticeably in crisis subjects, a quantitative description of its occurrence in the context of departures from crisis-free conditions was not readily derived by the present approach. Capillary stasis, however, was easily quantitated and found to be elevated (although of marginal significance; P < 0.07) in HbSS subjects compared with HbAA controls, but did not correlate strongly with the onset ofcrisis and appeared to be abated by an increase in resting red cell velocity and shearing forces. The decrease in capillary stasis from 8.2 to 5.8% during crisis may be a direct result of a diminution of the number of circulating less deformable rbc's, which may have been sequestered in other organs, as postulated previously (29) . The lack ofa significant degree ofsequestration in the nailfold network during the events leading up to a crisis is probably a direct result of this network's large capillaries (diameter 9 Mm) compared with other tissues. Perfusion studies of the isolated mesoappendix (rat) (8) have shown that the less deformable (densest) rbc's may be sequestered at the level ofthe true capillaries, ranging in size from 3 to 6 Mtm (17) . Also, direct intravital microscopic observations ofhuman HbSS rbc entrapment in cremaster muscle (rat) (14) suggest that HbSS cells have no difficulty negotiating 9 Mm-diameter precapillary vessels, whereas they do become sequestered at the entrance to smaller capillaries (diameter = 5-6 um). Hence, in all but the smallest capillaries, shifts in the various fractions of rbc densities during the events leading to and following the onset of a crisis may not be the principal determinant of impaired microvascular perfusion in the skin capillary network. However, in networks with predominantly smaller capillaries, such determinants may play the major role.
It is apparent that the agreement between HbAA and HbSS crisis-free resting values of Vs and Q may represent the presence of compensatory mechanisms that counteract the blood rheological insult brought about primarily through the relationship between the attendant anemia and blood viscosity (vi). The specific extent of this compensation remains elusive due to the inability to quantitate the in situ relationship between q and microvessel hematocrit in the nailfold network. In vitro viscometry (5) and mathematical modeling ofmicrovascular hemodynamics (30) suggest that reduction of hematocrit from 40 to 20% may ameliorate the increased viscosity associated with an elevated rigidity of the HbSS rbc population. Hence, in the resting or oxygenated state, the occurrence of normal or even greater velocities (flows) is feasible. The elevated values of Vs and Q (Table II) found in the HbSS crisis subjects may represent a degree of overcompensation for the Theological insult in capillaries that remain flowing, which stems mainly from arteriolar dilation. Inasmuch as skin temperatures were not significantly different between crisis and crisis-free subjects (Table II and Fig.  5 ), it appears that arteriolar dilation was a response to factors other than central (neurogenic) thermoregulatory events.
The temporal variations ofcapillary blood flow in the resting state due to spontaneous vasomotor activity, as illustrated in Fig. 2 , have been described previously in the literature by less direct techniques. Recent measurements of resting red cell velocity in the skin of the forearm by Laser Doppler velocimetry (31) have demonstrated the occurrence of large excursions in resting velocity, amounting to 50% of the mean value with a periodicity ranging from 7 to 10 s. The apparent lack of such extreme excursions here may be due to differences in the overall topography ofthe skin circulation between nailfold and forearm, where the latter possesses fewer arteriovenous shunts (31) . Although periodic fluctuations in Vf on this time scale were observed, its amplitude was considerably less within individual capillaries and agree with prior studies of nailfold capillaries in normal HbAA subjects (32) .
To further explore the hemodynamic events leading to a crisis, we have employed the often used provocation test of inducing PORH. Current concepts of factors initiating rbc sequestration and entrapment during crisis revolve around the "vicious cycle" of flow degradation concomitant to continued deoxygenation in a low-flow state (1-3, 5, 13-15 The general results found here for the noncrisis HbSS subjects are consistent with present and prior observations on the PORH response in HbAA subjects (27) . The prolonged duration and persistent elevation ofthe hyperemia in noncrisis HbSS subjects compared with HbAA subjects (Fig. 3) are indicative of physiological mechanisms that compensate for the lower oxygen-carrying capacity ofthe anemic subjects. The observed equivalence of the time for debt repayment between crisis-free and HbAA subjects (Fig. 4) supports this hypothesis. However, it should be recognized that in view ofthe close proximity of skin capillaries to ambient air, a strong metabolic component may be precluded, and viscosity factors other than those associated with deoxygenation may dominate.
The depressed hyperemic response observed during crisis is consistent with the concept of diminished vasodilatory reserve. Previous studies of capillary blood flow in the nailfold have demonstrated that as skin temperature approaches 34WC a local vasodilation results with an increase in resting blood flow, a decrease in vasodilatory reserve, and a depression of the PORH response (23, 27) . The fact that the initial rise time ofthe PORH response in the crisis subjects is, on the average, not significantly different from the crisis-free and normal subjects is representative of normal arteriolar and AV shunt vasomotor adjustments in response to the transient ischemia. The major differences between crisis and noncrisis reponses surface as a prolonged time to attain peak flow (Tpk) Studies of nailfold microscopy in other diseases such as diabetes have also demonstrated a prolongation of the time of specific events in the hyperemic response which have been attributed to the well-known increase in blood viscosity concomitant to this disease (33) . Analysis ofthe PORH response therein has shown that the time of the first maxima (as illustrated here in Fig. 3 between 5 and 10 s into the response) was lengthened from 7.7 to 11.6 s in diabetics compared with normal subjects. It should be pointed out that in that study, the data analysis was performed with the intent of selectively emphasizing the first occurrence of a maxima (peak) in Vc in contrast to the present approach, where Vpk was distinguished on the basis of being the maximum velocity during the entire 180 s of the hyperemic response. The occurrence of two maxima in the PORH transient may be the result ofthe interaction between AV shunt flow and the arterioles supplying the nutritional capillaries. The precise mechanisms ofthis multifaceted response in the nailfold remain to be elucidated.
The most likely factor that can increase resistance to flow in the nailfold network, and the most elusive, is that of blood cell-to-endothelium adhesion. Whereas red cells have been observed to adhere to the endothelium, its low frequency of occurrence and its noticeable absence in the first few seconds of reactive hyperemia (during initiation of flow) are in contrast to its purported role in flow degradation. Preferential rbc adhesion in venules, while not firmly established, could have a profound effect on resistance. The steady washout of adherent rbc's could conceivably lengthen the time to reach peak flow.
An additional factor contributing to the delayed peak may arise from the significant leukocytosis observed during crisis. The 45% increase in WBC count (Table I ) could contribute to a significant rise in microvascular resistance due to increased margination and adherence of leukocytes to the venular endothelium (34) . Studies on WBC-endothelium adhesion in mesentery (cat) (35) have demonstrated a twofold increase in venular resistance attendant to adhesion induced by a chemoattractant, with washout times comparable with the time to attain Vpk found here. Thus, a slow but continuous washout of adhered WBCs could result in the hyperemic trends observed during crisis. While correlates between the events leading to painful crisis and leukocytosis have been inconclusive (36), the kinematical role of WBC-endothelium adhesion in exacerbating rbc sequestration and the adhesive properties ofthese increased numbers of WBCs has not been fully explored.
In performing these studies the effects of Demerol on the responses observed during crisis have also been examined. Surprisingly, Demerol treatment for pain was found to have an effect opposite to the trends observed in crisis. In view of its vasoconstrictor effect on the skin circulation, with a concomitant reduced resting flow, it could be suggested that such treatment in a disease which is theoretically exacerbated by flow reductions would be contraindicated. Fortunately, local regulatory maneuvers such as the vasodilatation induced by an ischemic episode do not appear to be suppressed, and full use can be made of the available vasodilatory reserve.
In conclusion, it should be apparent that the present study represents a new direction for applying established techniques to describe the in situ expression of a disease based primarily on a blood rheological disturbance. In this context we have only scratched the surface, with many studies remaining to be performed. For example, it would be informative to seek correlates ofthe hyperemic response with in vitro estimates of the viscous properties of the HbSS subject's blood, in terms of the heterogeneity ofthe circulating red cell properties, and also the response to various therapeutic measures such as transfusion therapy or anti-sickling agents. The need for techniques to assess the subtle differences between normal and HbSS microvascular perfusion is also strikingly apparent, particularly in the quest for an objective evaluation of the state of crisis in a sickle cell patient. In this regard, the Laser Doppler technique may offer the greatest potential in view of its relative ease of application in a clinical setting, once the mechanics ofmicrovascular perfusion in sickle cell disease are fully understood.
